Abstract: The pathogenic bacterium Salmonella enterica serovar Typhimurium utilizes two type III secretion systems (T3SS) to inject effector proteins into target cells upon infection. The T3SS secretion apparatus (the injectisome) is a large macromolecular assembly composed of over twenty proteins, many in highly oligomeric states. A sub-structure of the injectisome, termed the basal body, spans both membranes and the periplasmic space of the bacterium. It is primarily composed of three integral membranes proteins, InvG, PrgH, and PrgK, that form ring structures through which components are secreted. In particular, PrgK possesses a periplasmic region consisting of two globular domains joined by a linker polypeptide. We showed previously that in isolation, this region adopts two distinct conformations, of with only one is observed in the assembled basal body complex. Here, using NMR spectroscopy, we further characterize these two conformations. In particular, we demonstrate that the interaction of the linker region with the first globular domain, as found in the intact basal body, is dependent upon the cis conformation of the Leu77-Pro78 peptide. Furthermore, this interaction is pHdependent due to coupling with hydrogen bond formation between Tyr75 and His42 in its neutral N δ1 H tautomeric form. This pH-dependent interaction may play a role in the regulation of the secretion apparatus disassembly in the context of bacterial infection.
Introduction
Bacteria use specialized secretion systems, numbered I to IX, to transport proteins across their membrane(s) and cell wall. 1 Secreted proteins, termed "effectors," play numerous functions in bacterial biology, from chemotaxis to infectivity and immune evasion. Of these systems, the type III secretion system (T3SS) has the particularity to be contact-dependent such that secretion is activated upon contact with a target cell. [2] [3] [4] In addition, unlike most secretion systems, T3SS effectors are not just secreted to the extracellular environment, but rather injected directly into the cytosol of the infected cell. The human pathogen Salmonella enterica serovar Typhimurium encodes two T3SSs, in different genome locations termed the Salmonella Pathogenicity Islands 1 and 2 (SPI-1 and SPI-2). 5 The SPI-1 T3SS is active early during infection in the host gut, and its effectors induce actin rearrangements and membrane invagination of the target cell. This leads to the incorporation of bacteria into intracellular vesicles, termed the Salmonella-Containing Vacuoles (SCVs). Acidification of the SCV in turn activates the SPI-2 T3SS, whose effectors prevent fusion with lysogenic vesicles and permit bacterium survival. 6 The SPI-1 T3SS is the best-characterized T3SS at the molecular level. 7 Its secretion apparatus, the injectisome, consists of a structure called the basal body, which spans both membranes and the intervening periplasmic space. On the cytosolic side, a set of proteins forming the inner membrane anchored complex of the T3SS system, known as the "export apparatus", is responsible for the selection and active secretion of effectors. On the extracellular side, an extended needle of species-specific length projects outwards, toward target cells. 5 Genetic studies have demonstrated that the export apparatus assembles first in the inner membrane. Subsequently, the basal body assembles around the export apparatus, forming a secretion-competent complex. This leads to the secretion of the protein forming the needle, as well as of additional regulatory components, such as the rod and ruler proteins. [8] [9] [10] [11] Extensive work, including NMR spectroscopic, Xray crystallographic and biochemical studies, [12] [13] [14] [15] [16] [17] combined with the recent near-atomic resolution cryo-electron microscopy (EM), 18 have defined the structure of the SPI-1 T3SS basal body. In particular, the inner-membrane proteins PrgH and PrgK, and the outer-membrane protein InvG, are found to consist largely of small globular domains with a conserved fold. This fold is termed the Ring-Building Motif (RBM) 14 in reference to the involvement of these proteins in assembly of oligomeric ring-shaped structures.
We previously showed that the periplasmic domain of PrgK consists of two RBMs (termed D1 and D2), joined by a short linker polypeptide [ Fig. 1  (A,B) ]. Furthermore, we found that the periplasmic domain adopts two conformations that are dependent upon the presence of the linker region. 12 More specifically, we proposed that these two conformations differ by whether or not the linker is non-covalently bound to D1. 12 In this study, we verified this proposal, using NMR spectroscopy to show that these two conformations indeed correspond to the linker-bound D1 (denoted as conformer A) and linker-unbound D1 (conformer B) states of PrgK. We also show that these two conformational states differ in the cis versus trans isomerization of the Leu77-Pro78 peptide. These conserved linker residues are essential for T3SS function. Furthermore, we report that the equilibrium between the two conformers is dependent upon the protonation state of His42, and hence modulated by hydronium ion activity (sample pH value). This leads us to hypothesize that variations in local by the residues that differ in the two conformers of this construct pH could contribute to the structural arrangement of PrgK as required for injectisome dynamics in vivo.
Results

Structures of the two PrgK 19-92 conformers using CS-Rosetta
We previously showed that a purified PrgK construct encompassing D1, the linker region, and D2, adopts two conformations, as detected by the presence of two sets of resolved amide 1 H N -15 N signals from many residues in its 15 N-HSQC spectrum. 12 Due to extensive spectral overlap, we were unable to fully assign the backbone resonance frequencies for this construct. However, we also showed that the two conformations, denoted A and B, were recapitulated in a shorter construct encompassing D1 and the linker region (PrgK ). 12 With a simpler NMR spectrum, and by considering patterns of relative peak intensities, we were able to unambiguously assign the signals from both the major conformer A and minor conformer B of this construct [ Fig. 1(C) ]. For this reason, we used PrgK as a proxy to characterize the two conformations adopted by the full PrgK periplasmic domain in isolation.
Unfortunately, the added complexity of two conformations prevented us from unambiguously assigning inter-proton NOEs to one population or the other. This in turn precluded structural determination of the PrgK conformers by conventional NMR spectroscopic approaches. We therefore used CS-Rosetta 19 to generate structures for both conformers with backbone chemical shift information as the sole experimental constraints. This led to convergent structural models with good energy parameters [ Fig. 2(A,B) ; Supporting Information Fig. S1 (A), S1(B)]. As will be justified below, the Leu77-Pro78 peptide was set to the cis isomer for conformer A, and flexible residues (79-92 for conformer A, 75-92 for conformer B) were trimmed by CS-Rosetta. We then combined the 20 lowest energy models for each to generate the structural ensembles shown in Figure 2 . Both exhibit very good geometry, with overall backbone RMSD values of 0.5 and 0.6 Å for the conformer A and conformer B ensembles, respectively.
The two structural ensembles are very similar, with an average pairwise backbone RMSD of 0.68 Å for residues 19-74. The major differences localize to residues 75-78, which are ordered in the conformer A structural ensemble, but not in that of conformer B [ Fig. 2(C) ]. This is consistent with the previously reported chemical shift differences between the two conformers of PrgK , and the reduced chemical shift-derived helical propensity of residues at the Cterminus of helix 2 in conformer B. 12 Importantly, the CS-Rosetta ensembles are in agreement with the proposed linker-bound and linker-free conformations for the two conformers. 12 In particular, the structure of conformer A derived from CS-Rosetta is highly similar to the X-ray crystallographic structure of PrgK [PDB ID 4W4M; Supporting Information Fig. S1(D 21 The only significant difference between the two conformers is located at the beginning of the linker region (residues 74-84), with conformer B exhibiting higher flexibility
. This is consistent with our previous chemical shift-based analysis of the backbone dynamics of the two PrgK conformations, 12 and the CSRosetta-derived models described above. Taken together, these data demonstrate that conformers A and B of PrgK observed by NMR spectroscopy correspond to the linker-bound and linker-free states of D1, respectively.
The PrgK conformers differ by the cis/trans isomerization of the Leu77-Pro78 peptide
We next investigated the mechanisms underlying the conformational equilibrium of PrgK . Since several residues yielded two distinct peaks in a 15 N-HSQC spectrum, the conformers must be in the slow exchange regime (i.e., k ex Δω, where k ex is the interconversion rate constant and Δω is the chemical shift difference between conformers A and B). We therefore collected a 15 N-EXSY experiment 22 . This prompted us to investigate the temperature dependency of the conformational equilibrium. We collected 15 N-HSQC spectra as a function of temperature from 10 to 45 C. As expected, many amide peaks shifted with temperature [Supporting Information Fig. S2(B) ]. However, the relative intensity ratios between the peaks assigned to conformer A and conformer B was unchanged. Based on these observations, we concluded that the two conformers do not interconvert on the seconds timescale, even at 45 C. It is well established that X-Pro peptide bonds within random coil polypeptides are approximately 10%-20% in the cis isomer, with little temperature dependence and an interconversion rate constant of 0.025 s −1 . 24 We therefore postulated that the two populations of PrgK differ by the cis and trans isomerization of the Leu77-Pro78 amide. Indeed, in the previously reported crystal structure of PrgK in conformer A (PDB ID 4W4M), the Leu77-Pro78 amide adopts the less common cis geometric arrangement [ Fig. 3 ) chemical shift difference of a proline is highly diagnostic of the X-Pro amide conformation. This chemical shift difference demonstrates that in conformer A, Leu77-Pro78 is in the cis isomer, whereas in conformer B, it is in the trans isomer [ Fig. 3(B) ]. In contrast, all other X-Pro amides are found as the trans isomer in both conformers (except in the case of Met89-Pro90, for which only one set of signals could be identified).
To further confirm the role of Pro78 in the two conformations of PrgK, we engineered the P78G mutation in the PrgK construct. The trans isomer of the Leu77-Gly78 peptide should be strongly favored. Indeed, the resulting protein yielded single Comparison of the spectrum of this protein with that of the wild-type protein, or that of the protein construct including D1 but not the linker, 12 confirms that the peaks yielded by the P78G mutant correspond to the conformer B (Supporting Information Fig. S3 ). This is also consistent with the conclusion that the Leu77-Pro78 peptide has cis-and trans-isomers in conformers A and B, respectively. In the basal body cryo-EM map (as well as in the conformer A structural ensemble), Leu77 and Pro78 from the linker region are buried in a hydrophobic pocket formed by Leu24, Leu27, Val35, Val38 and Ile72 [ Fig. 3(A) ]. This pocket is conserved in PrgK homologs of other T3SS's (Supporting Information Fig. S4) , with hydrophobic residues present in all systems, including the highly divergent Chlamydia and Rasltonia Cds and Hrp T3SSs. To verify the role of these residues in T3SS function, we engineered several mutations in a plasmid encoding for the prgK gene, and used it to complement a ΔprgK strain of Salmonella enterica serovar Typhimurium LT2. We then used a secretion assay to monitor T3SS assembly in the context of the corresponding PrgK mutants. As we reported previously, PrgK WT rescued secretion in the ΔprgK strain [repeated as a control here in Fig. 3(D) ], but mutation of the normally lipidated N-terminal Cys18 to Ala, required for stable localization of the basal body to the inner membrane, abrogated secretion.
12 Mutating Pro78 to Gly or (to a lesser extent) Ala also impairs secretion [ Fig. 3(D) ], demonstrating that this residue is important for T3SS function. Similarly, mutating Leu27 to Ala or Asn is detrimental to T3SS function. In contrast, we observed no phenotype for mutations in Leu77 to either Ala or Asn. These results indicate that the interaction between Pro78 and Leu27, observed in the cryo-EM map of the basal body, and present in conformer A but not in conformer B, is essential for T3SS function.
The conformational equilibrium of PrgK is pHdependent due to His42
We then sought to determine if the propensity of the protein to adopt the two conformers is dependent upon buffer composition. We observed that ionic strength (monitored by varying NaCl concentration from 0 to 1 M) does not affect the ratio between the peaks formed by conformer A and conformer B (not shown). In contrast, varying the pH of the sample clearly altered the population ratio [ Fig. 4(A) ]. To quantify this observation, we measured relative peak intensities for selected residues with identifiable peak pairs at pH 5, 7 and 9. As shown on Figure 4 At high pH, we observed that the relative intensities of the conformer A peaks increased, with those of conformer B decreasing correspondingly. Based on an average of peak intensity ratios for amides within the ordered core of PrgK , the relative population of conformer A increases to 0.74 at pH 7 and 0.85 at pH Since histidine is the amino acid most commonly titratable around neutral pH values, 27 we postulated that it plays a role in the equilibrium between the two populations.
To verify this, we mutated His42 to an alanine. The resulting protein still yields two populations, but with approximately equal intensity ratios [ Fig. 4(D) , Supporting Information Fig. S5 ]. We note that the significant difference in the 15 N-HSQC spectrum of various pH conditions. In the WT protein, two peaks corresponding to the two populations are clearly visible, and their relative intensity varies with sample pH value, as also seen for amides in the spectra of panel A. In contrast, with the H42A mutant, the relative peak intensities are pH-independent. Although conformer B appears minor in these 1D spectra, in 15 N-HSQC spectra, most amides show approximately equal 1 H N -15 N peak intensities for conformers A and B (Fig. S5) . (E) Secretion assay for mutants of His42 and Tyr75, performed as in Figure 3 
(B). None of the mutations affects secretion in this assay
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the H42A mutant versus that of the WT species prevented us from unambiguously assigning all amide signals. However, regardless of assignments, the relative peak intensities of conformers A and B are approximately equal in the H42A mutant (Supporting Information Fig. S5 ), and most importantly, did not change between pH 5 and pH 9 [ Fig. 4(D) ].
We then sought to verify the role of this pHdependent phenomenon within the cellular context. To that end, we engineered mutations in His42 for a secretion assay as described above. Surprisingly, we observed that mutating this residue to a neutral (alanine), negatively charged (glutamic acid) or positively charged (arginine) residue has no significant effect on secretion in this assay, as shown on Figure 4 (E). Similarly, mutating Tyr75 to an Ala shows no phenotype change [ Fig. 4(E) ]. Taken together, these results demonstrate that while Pro78, which mediates the interaction between the linker and D1, is essential for secretion [ Fig. 3(B) ], neither His42 nor Tyr75 are required for secretion in this assay. This indicates that the pH-dependency of the interconversion between the two conformers is not required for assembling a functional T3SS.
His42 has different pK a values in the two conformers of PrgK To further investigate the equilibrium between the two conformers of PrgK, we used NMR spectroscopy to determine the apparent pK a values of His42 in each conformer. Specifically 13 C/ 15 N-histidine-labeled PrgK was monitored from approximately pH 5 to 9 using 13 C-HSQC (Fig. 5 ) and H β (C β )C γ spectra (not shown). 28 Although the signals from conformer B weakened with increasing sample pH values, it was still possible to obtain titration curves. Fitting these pH-dependent chemical shifts yielded average apparent pK a values of 7.0 ± 0.1 for His 42 in conformer A and 7.7 ± 0.1 for conformer B (Fig. 6 ).
It is also noteworthy that upon deprotonation, the 13 
C
δ2 signal of His42 in conformer A shifts downfield by 4.5 ppm to 123.7 ppm [ Fig. 5(B) ]. Furthermore, its 13 C γ signal shifts up-field by > 1 ppm (not shown). These highly diagnostic patterns of pHdependent chemical shift changes demonstrate that Fig. S6 ). This closely matches the properties expected for an unperturbed histidine in a disordered polypeptide. 27 
Discussion
In this study, we further characterize the two conformations adopted by the periplasmic domain of PrgK. Specifically, we report the CS-Rosetta structures of the two conformers, showing that they correspond to the linker-free and linker-bound states of PrgK D1. We also demonstrate that the conformers differ in the cis/trans isomerization of the Leu77-Pro78 peptide.
In addition, we demonstrate that pH alters the population ratio between the two conformers, and that this coincides with the fact that the interaction between D1 and the linker is favored upon deprotonation of His42. Based on the data reported here, we propose a model for the conformational equilibria of PrgK that is summarized schematically in Figure 7 . The linker, including residues Leu77 and Pro78, interacts with a hydrophobic surface of D1 [ Fig. 3(A) ]. This interaction is also coupled with the ordering of the Cterminal end of the second helix of D1, which includes Tyr75 [Figs. 2(F) and 4(C) ]. However, favorable packing of the linker along the hydrophobic surface only occurs with the less favorable cis isomer of the Leu77-Pro78 peptide bond. As a result, under acidic conditions, conformers A and B are approximately equally populated and interconverting with k ex ≾ 1 s −1 . Mutation of Pro78 to glycine restricts the resulting Leu77-Gly78 peptide bond to the trans isomer and thus PrgK 19-92 P78G only adopts conformer B [ Fig. 3(C) ]. Functionally, this impairs PrgKdependent secretion of effectors SipA and SipB via the T3SS [ Fig. 3(D) ].
The equilibrium between conformers A and B is also dependent upon pH. This is attributed to a favorable interaction for conformer A in which Tyr75 mutant. This suggests that any interaction of Tyr75 with a positively-charged His42 (i.e., which cannot occur in the H42A mutant) does not markedly impact the conformational equilibrium of PrgK. Parenthetically, we note that His42 has an elevated pK a value in conformer A, and even more so in conformer B, relative to that of an unperturbed histidine in a disordered peptide ( 6.5) . This is somewhat unexpected as His42 lacks any neighboring negatively charged groups that would otherwise promote its positively charged form. Also, based on the X-ray crystallographic structure of PrgK (conformer A), its pK a is predicted to be 6 using empirical and computational approaches. 30, 31 However, the stacking of His42 over the sidechain of Trp71 [ Fig. 4 (C)] may lead to its elevated pK a value due to favorable π-cation interactions. 32 Regardless, the NMRmonitored pH titrations support the model of Figure 7 in which the pH-dependent interaction of Tyr75 and His42 are coupled with the cis/trans isomerization of the Leu77-Pro78 peptide and the interaction of the linker residues with the D1 domain of this protein.
Importantly, the interaction between the linker and D1 observed in conformer A, is also found in the cryo-EM map of the intact basal body 18 (although the limited resolution does not allow determination of the physicochemical details). The in vivo assays reported here [ Fig. 3(D) ] demonstrate that Pro78 and Leu27 are necessary for T3SS secretion, suggesting that this interaction is critical for assembly or function of the complex. In contrast, the residues involved in the pHdependence of this interaction (His42, Tyr75) can be mutated with no phenotype in our secretion assay [ Fig. 4(E) ], and we do not have any evidence that conformer B plays any role in T3SS assembly or function. Based on this, we cannot exclude the possibility that conformer B, and the destabilization of conformer A at lower pH, pertains only to the constructs used for the in vitro biochemical and structural studies. Nevertheless, we note that His42 is conserved in the closely related Shigella, Burkholderia T3SSs and others of the Inv/Mxi/Spa family (Supporting Information Fig. S4 ), where T3SS function triggers endocytosis of the bacteria into endosome vacuoles, by non-phagocytic cell types. In Burkholderia and Shigella, this is followed by endosomal membrane lysis, whereas in Salmonella, decreasing pH activates the SPI-2 T3SS, preventing lysosome fusion. In all cases, the phagocytosis-inducing T3SS is no longer required after vesicle formation, but the fate of assembled complexes has not been investigated to our knowledge. We speculate that upon endosome acidification, the drop in pH may alter the linker-driven interactions, contributing to T3SS disassembly. Unfortunately the latter cannot be tested by our secretion assay, thus potentially explaining why no phenotype was observed for the His42 mutants. Alternatively, it is also possible that the pH-dependency actually mimics the interaction with other components of the full complex, and therefore reflects a coordinated assembly/disassembly of the complex. Specifically, His42 is in close proximity of the PrgH oligomeric ring in the intact basal body, 17 and it is conceivable that the proximity of a charged residue from PrgH alters the protonation state of His42 in the full complex, corresponding to the pH-mediated events observed in isolation. Further in vivo studies of T3SS complexes, potentially using the pH-dependency mutants reported here, will be required to further test these hypotheses.
Materials and Methods
Cloning, protein expression, and purification
Protocols for the cloning, mutagenesis, expression and purification of PrgK has been described previously. 12 Briefly, the pET28a expression plasmids encoding wild-type PrgK or variants with sitedirected mutations were transformed into E. coli BL21(λDE3) strains. Transformants were grown to log phase, at which point expression was induced with 1 mM IPTG. After 16 h at 20 C, cells were collected by centrifugation and lysed by sonication. The protein was purified by Ni +2 -affinity chromatography, and the 6xHis tag was cleaved with thrombin (Roche). The protein was further purified by gel filtration using a Superdex75 column (GE Healthcare 
NMR spectroscopy
Data were collected at 25 C (unless specified), on Bruker Avance III 500 and 600 MHz spectrometers equipped with xyz-gradient TCI cryoprobes and processed using Topspin3.1, NMRPipe, 35 and Sparky.
30
Side-chain chemical shifts for prolines were assigned using HCCH-TOCSY, 36 HC(CO)NH-TOCSY, 37 HACAN, 38 and HACA(CO)N 22 spectra. Histidine chemical shifts were assigned using 13 N-EXSY spectra were measured using published procedures. 21, 39 Except for the pH titration experiments, all spectra were collected at pH 6.8. NMR-monitored pH titrations of His42 in PrgK were acquired using a Bruker Avance III 600 MHz spectrometer. The sample was titrated in 11 steps from pH 5.2 to 8.7 by the addition of small aliquots of 0.1 to 1 M NaOH or HCl, as appropriate, and monitored via 13 C-HSQC spectra. 25 Sample pH values were recorded at room temperature (20 C). The pH-dependent chemical shifts for the individual 13 
C and
1 H nuclei of His42 were fit with GraphPad
Prism to the Henderson-Hasselbalch equation for a single ionizable group to obtain the corresponding pK a values, which were then averaged to yield those reported for the two conformers of PrgK . 25, 40 Structure modeling
For structure determination, the chemical shift values for the two populations of PrgK were separated and provided as input for the CS-Rosetta server. 20 Of 10,000 models generated, the 20 lowestenergy were combined as the final structural ensemble. Flexible residues (residues 79-92 for conformer A, residues 75-92 for conformer B) were truncated, following the Lange method. 20 In the CSRosetta derived model of the conformer A structure, Leu77-Pro78 is in the trans conformation, whereas its chemical shift clearly indicates that it is in fact in the cis conformation (see Results section). This is likely due to the difficulty of CS-Rosetta to identify the correct X-Pro isomer. 41 We therefore introduced the cis isomer for the Leu77-Pro78 peptide in the structural model manually, using Coot. 42 Geometry and structure statistics were checked with the Protein Structure Validation Suite server. 43 
Secretion assay
The assay for T3SS effector secretion has been described previously. 8 Briefly, mutations in a plasmid encoding for the prgK gene were engineered by sitedirected mutagenesis, and transformed into a prgKdeletion strain of Salmonella enterica serovar Typhimurium LT2. Transformants were grown in LB for 5 h, and cells were subsequently harvested. Proteins were precipitated from the supernatant with acetone and run on 12% SDS-PAGE gels.
